LHCb has collected the world's largest sample of charmed hadrons. This sample is used to search for direct and indirect CP violation in charm. Recent and updated measurements from several decay modes are presented.
Introduction
Studies of CP violation are a primary goal of the LHCb Experiment [1] at CERN. CP violation in charm decays is expected to be very small in the Standard Model [2, 3] . However, asymmetries at a few times 10 −3 within the Standard Model cannot be excluded [4] [5] [6] . A significant excess of CP violation with respect to the theoretical predictions would be a signature of physics beyond the Standard Model. The study of CP violation in singly Cabibbo-suppressed (SCS) charm decays is uniquely sensitive to physics beyond the Standard Model, in particular through new contributions to ∆C = 1 strong penguin and chromomagnetic dipole operators [3] . The analysis of the following decay channels allows us several opportunities to probe both integrated and localized CP violation in different regions of decay phase space. Large CP violation has been observed in regions of meson decay phase space not associated to a resonance, further motivating localized searches [7] . To date, no CP violation has been observed in the charm quark system.
2 Searches for direct CP violation in charm
The measured time-integrated CP asymmetry for a meson (Q) decay to a final state f can be given by:
where N indicates the number of reconstructed events of a given decay after background subtraction. We study the decays D + (s) → K 0 S h + , where h = π or K. CP violation is only expected to be measurable in the SCS subset of these decays. The analysis is performed using promptly produced D mesons from the full 3 fb −1 LHCb Run 1 data sample, which consists of 1 fb −1 of proton-proton collision data taken in 2011 at √ s = 7 TeV, and 2 fb −1 of proton-proton collision data taken in 2012 at √ s = 8 TeV. These measured (or "raw") asymmetries are a sum of several independent asymmetries:
where A CP is the physical CP asymmetry, A P is the production asymmetry of the decay particle, A D is the detection asymmetry of the charged daughter hadron, and A CP/int represents the detection asymmetry between a K 0 and a K 0 , due to the presence of mixing and CP violation in the kaon system and the different interaction rates of K 0 and K 0 in the detector material [8] . The quantities of interest can then be determined by forming differences that result in the cancellation of production and detection asymmetries:
and
where we assume the Standard Model expectation of no CP violation in the Cabibbofavored (CF) D + s → φπ + decay mode. As a cross check, a double difference of asymmetries largely insensitive to production and instrumental asymmetries may also be formed:
In Equations 3-5 above, the neutral kaon asymmetry is not shown, but is accounted for in the final results. As the production and detection asymmetries depend on the kinematic distributions, weights are assigned to the candidates such that the kinematic distributions are equalized. The analysis is performed separately for 2011 and 2012 data, and for both LHCb magnet polarities; consistent results are obtained. The combined results [9]
show no indication of CP violation. These are the most precise measurements of these quantities. 
D
where N indicates the number of reconstructed events of a given decay after background subtraction and X represents the set of undetected final state particles from the semileptonic B decay.
The measured asymmetry is a sum of the physical CP asymmetry (A CP (f )), the production asymmetry (A P (B)) and detection asymmetry (A D (µ)):
An experimentally robust variable may be constructed, ∆A CP , by taking the difference of the measured asymmetries in
as the production and the muon detection asymmetries cancel to first order. Alternatively, for extracting A CP (KK), the detection and production asymmetries can be measured using CF B → D 0 (→ K − π + )µ − X decays where no CP violation is expected. An additional detection asymmetry, A D (Kπ), arises due to the different interaction rates of the charged kaon with matter. To remove this asymmetry, the CF control channels D 
and, with correlation ρ = 0.28,
are compatible with CP conservation. The A CP (hh) asymmetries are the most precise measurement of these individual asymmetries to date. The precision of ∆A CP is comparable to the preliminary result for ∆A CP measured using prompt D 0 decays reconstructed in 1 fb
The energy test [11] is an unbinned model-independent statistical method than can be used to search for time-integrated CP violation in The energy test is used to assign a p-value for a non-zero CP violation hypothesis. In this method, a test statistic T is used to compare the average distances based on the metric function ψ. The test statistic is defined as
and the metric function If there is CP violation, T is expected to be larger than zero. This technique calculates a p-value under the hypothesis of CP symmetry by comparing the nominal T value observed in data to a distribution of T values obtained from permutation samples, where the flavor of the D 0 is randomly reassigned to simulate samples without CP violation. The p-value for the no CP violation hypothesis is obtained as the fraction of permutation T values greater than the nominal T value in the data.
We study the data sample of 2 fb −1 collected by LHCb during 2012, and find a p-value of (2.6 ± 0.5) × 10 −2 [12]. This result is based on 1000 permutations. The data sample has been split according to various criteria to test the stability of the results. Analyses of sub-samples with opposite magnet polarity, with different trigger configurations, and with fiducial selection requirements removing areas of high local asymmetry of the tagging soft pion from the D * + decay all provide consistent results. Various checks have been performed to ensure there are no asymmetries arising from background events or detector related asymmetries. Varying the metric parameter σ results in similar p-values at the 10 −2 level. This analysis provides the world's best sensitivity from a single experiment to local CP violation in
Multi-body D decays are sensitive to CP violation due to the interference of several resonances across the multi-body phase space. In D 0 → K + K − π + π − decays, triple products of final state particle momenta in the D 0 rest frame, defined as
0 and D 0 mesons, respectively, are quantities which are P -odd (and T -odd). The decay rate asymmetries:
are thus sensitive to CP violation. However, final state interactions significantly alter the measured asymmetries, and so the difference a 
These results show no evidence of global CP violation in these decays, but achieve a significant improvement in precision over previous measurements [14] . The same measurements are also performed in 32 bins of the five-dimensional phase space. The asymmetries are extracted in each bin and a T -odd CP calculated. A χ 2 test for consistency across the phase space is performed, yielding a p-value of 74%. Thus there is no evidence for direct local CP violation in this decay.
Similarly, binning in the decay time of the D 0 candidates and performing the same test gives sensitivity to indirect CP violation. This yields a p-value of 72%; no evidence for indirect CP violation was found.
3 Searches for indirect CP violation in charm
A measurement of the indirect CP violation in D 0 mixing can be performed in the study of two-body hadronic charm decays to CP eigenstates ( 
. It can be evaluated by the asymmetry in the effective lifetimes (τ ) of flavor-tagged decays and expressed by the following equation with the assumption of negligible direct CP -violating contribution:
where A m is defined by |q/p| ±2 ≈ 1±A m . A measurement of A Γ differing significantly from zero is a manifestation of indirect CP violation as it requires a non-zero value for A m or φ = arg(q/p).
A measurement of A Γ at LHCb is performed using 3 fb −1 of data from the full LHCb Run 1 data sample [15] . In this analysis, D 0 decays are obtained from B → D 0 µ − ν µ X decays and the neutral D meson is tagged by the charge of the muon. A Γ is determined through a χ 2 fit to the time-dependent raw CP asymmetry A raw CP (t):
The raw CP asymmetry is determined from simultaneous fits to m h + h − in bins of decay time for both D 0 and D 0 samples, as seen in Figure 1 . Systematic uncertainties include uncertainty in the D 0 mass fit model, the decay time resolution, mixing in the beauty quark system, detection and production asymmetries, and the time-dependent efficiency. The main contributions to the systematic uncertainty result from the mistag probability (the probability that the neutral D meson was tagged with the wrong flavor) and the mistag asymmetry (differences in positive and negative muon mistag probability), which are studied using a control sample of D 0 → K − π + decays. The mistag asymmetry is the dominant contribution to the systematic uncertainty.
We find:
A Γ (KK) = (−0.134 ± 0.077
where the uncertainties are statistical and systematic, respectively. This measurement is consistent with no indirect CP violation in the charm system, and has comparable precision to LHCb's previous result using neutral D mesons from prompt D * decays obtained from 1 fb 3.2 "Wrong-sign" D 0 → Kπ (CP violation via mixing)
At LHCb, charm mixing parameters are determined by the time-dependent ratio of
, RS) decay rates. The RS decay rate is dominated by its CF amplitude. The WS rate arises from the interfering amplitudes of the doubly Cabibbo-suppressed decay (DCS) and the CF decay following D 0 −D 0 oscillation. Assuming no CP violation and small charm mixing parameters (|x| and |y| 1), this ratio is:
where x = x cos δ + y sin δ, y = y cos δ − x sin δ, R D is the ratio of suppressed-tofavored decay rates, and δ is the strong phase difference between the DCS decays and the CF decays
We can search for CP violation in these decays by comparing the time-dependent ratios evaluated separately for D 0 and D 0 . A difference in the R D parameter for D 0 and D 0 would be a sign of direct CP violation, while a difference in x 2 and y parameters would imply indirect CP violation (|q/p| = 1 or φ = 0). The data are fit under three hypotheses: CP is conserved, only an indirect CP contribution is allowed, and both direct and indirect CP contributions are allowed.
The full LHCb Run 1 data sample (3 fb −1 ) is used to perform these measurements. The sample is obtained from D * ± → D 0 π ± decays, which allow the determination of the flavor of the neutral D meson. Assuming CP conservation, the mixing parameters are measured to be R D = (3.568 ± 0.058 ± 0.033) · 10 −3 , y = (4.8 ± 0.8 ± 0.5) · 10
and x 2 = (5.5 ± 4.2 ± 2.6) · 10 −5 where the first uncertainty is statistical and the second systematic [17] . In the other scenarios, the direct CP asymmetry is A D = (−0.7 ± 1.9)%, and the magnitude of q/p is determined to be 0.75 < |q/p| < 1.24 and 0.67 < |q/p| < 1.52 at 68.3% and 95.5% confidence level (C.L.), respectively. The results of the measurements of mixing parameters, and of the confidence regions, are shown in Figure 2 for the three scenarios. The results are compatible with CP conservation and provide the most stringent bounds on the parameter |q/p| from a single experiment. 
